Foot-and-mouth disease (FMD) is a worldwide problem limiting the trade of animals and their products from affected countries. The rapid isolation, serotyping, and vaccine matching of FMD virus from disease outbreaks is critical for enabling the implementation of effective vaccination programs and to stop the spread of infection during outbreaks. Some primary cells have been shown to be highly susceptible to most strains of FMD virus (FMDV) but are difficult and expensive to prepare and maintain. Since the ␣ V ␤ 6 integrin is a principal receptor for FMDV, we transduced a bovine kidney cell line to stably express both the ␣ V and ␤ 6 bovine integrin subunits. This stable cell line (LFBK-␣ V ␤ 6 ) showed ␤ 6 expression and enhanced susceptibility to FMDV infection for >100 cell passages. LFBK-␣ V ␤ 6 cells were highly sensitive for detecting all serotypes of FMDV from experimentally infected animals, including the porcinophilic FMDV strain O/TAW/97. In comparison to other cell types that are currently used for virus isolation, LFBK-␣ V ␤ 6 cells were more effective at detecting FMDV in clinical samples, supporting their use as a more sensitive tool for virus isolation.
F oot-and-mouth disease virus (FMDV) is a severe economic concern for meat-producing nations since the trade of animal products is limited in the countries where the virus is present. The rapid spread of the virus among susceptible animals results in severe morbidity and, in some cases, death, especially in young animals (reviewed in reference 1). Infection or vaccination with one of the seven different serotypes does not confer cross-protection to other serotypes or even to some subtypes of the same serotype. Vaccines for FMDV are widely used to prevent clinical disease, but since vaccines are serotype and subtype specific, the virus(es) causing outbreaks must be isolated and serologically characterized for vaccine matching prior to selecting the appropriate vaccine antigen to be used in vaccine formulations (reviewed in reference 2).
Although molecular techniques, such as PCR coupled with genomic sequencing, can be used in samples containing enough virus to rapidly identify the virus serotype and its relationship to other FMDV strains, appropriate vaccine prediction requires virus growth in cell culture to carry out neutralization tests using reference sera. Inefficient recovery of virus from animal samples can delay diagnosis and vaccine selection, hampering the rapid implementation of control measures; thus, virus isolation protocols are designed for maximum sensitivity. Some primary cells, such as bovine thyroid (BTY), are highly susceptible to a wide range of FMDV serotypes (3), but they are difficult and costly to prepare and lose FMDV susceptibility after multiple passages (4) . Primary lamb kidney (LK) cells are also very sensitive to FMDV, and unlike BTY cells, LK cells maintain their sensitivity to FMDV infection after cryopreservation (5) . Immortalized cell lines (e.g., baby hamster kidney fibroblasts and porcine kidney epithelial cells), while much easier to maintain, are in many cases less susceptible to specific animal-derived FMDV serotypes (6) (7) (8) (9) . There is a need for a cell line that is easily maintained and is highly susceptible to all serotypes and subtypes of FMDV.
Integrins of the ␣ V subgroup have been demonstrated by several laboratories to be FMDV receptors, including our laboratory (reviewed in reference 10). Of the many ␣ V integrins that have been shown to mediate FMDV attachment, the integrin ␣ V ␤ 6 has been shown to be one of the most efficient receptors for all FMDV serotypes (11, 12) , and the sites of infection in cattle show high levels of ␣ V ␤ 6 expression on epithelial cells (13, 14) . BTY cells, considered the most sensitive primary cells for FMDV isolation, have high levels of ␣ V ␤ 6 integrin surface expression (15) . Moreover, the transient expression of bovine ␣ v and ␤ 6 integrin subunits in baby hamster kidney cells (BHK3-␣ V ␤ 6 ) (16) greatly increased the susceptibility of this cell line to a cow-passaged FMDV A24 Cruzeiro strain that contains an SGD motif in the VP1 capsid protein (17) . Although initially more permissive to the A24-SGD virus than BHK-21 cells, the BHK3-␣ V ␤ 6 cells lost integrin expression and sensitivity to this virus after multiple passages (E. Rieder, personal communication). Swaney (18) derived an immortalized line of fetal bovine kidney (LFBK) cells that had high susceptibility to most FMDV serotypes that was maintained over many passages. Compared to BTY cells, LFBK cells had similar susceptibilities to most FMDV serotypes and had equal or better susceptibility than MVPK, IB-RS-2, and fetal bovine kidney cells in the same experiments (18) . In the work presented here, we combined the long-lived FMDV suscep-tibility of the LFBK cell line with a principal bovine receptor for FMDV to derive a stable cell line that is highly susceptible to FMDV. We characterize the FMDV susceptibility of this transduced cell line by infection with animal-derived FMDV from all 7 serotypes, as well as from recent diagnostic field samples, and compared its susceptibility to those of other cell types used for diagnostic FMDV virus isolation. Our results indicate that LFBK␣v␤6 cells are highly permissive for all FMDV serotypes and have excellent performance in a diagnostic setting.
MATERIALS AND METHODS
Cells. LFBK cells (18) were propagated in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum and antibiotics as described previously (19) and were used for these experiments between passages 64 and 71. LFBK-␣ V ␤ 6 cells were propagated in DMEM (catalog no. 11965092; Gibco) supplemented with 10% fetal bovine serum (catalog no. SH30071.03; HyClone) and antibiotics (catalog no. 15240062; Gibco) and were used at the passage indicated in each figure. BHK-21 cells, used between passages 62 and 67, were propagated in minimal essential medium (MEM) supplemented with 10% calf serum, 10% tryptose phosphate broth, nonessential amino acids, and antibiotics. Primary lamb kidney (LK) cells, generously supplied by the APHIS Diagnostic Service Section at the Plum Island Animal Disease Center (PIADC), were propagated in DMEM supplemented with 10% fetal bovine serum, antibiotics, and sodium pyruvate and were used directly from cryovials or at passage 1. IB-RS-2 cells were used between passages 129 and 137 and MVPK cells were used between passages 38 and 41; both of these cell lines were propagated in MEM supplemented with 10% fetal calf serum, nonessential amino acids, and antibiotics.
Transduction of LFBK cells with ␣ V and ␤ 6 integrin subunits. Individual retroviruses expressing the bovine ␣ V (GenBank accession no. AF239958) or bovine ␤ 6 (GenBank accession no. AF468060) integrin subunits (16) were created using the Pantropic retroviral expression system (PT3346-5; Clontech) as per the manufacturer's protocol. LFBK cells at passage 145 were infected with the ␣ V -expressing retrovirus, and neomycin selection was used to select against nontransduced cells. A pool of these cells was infected with the ␤ 6 -expressing retrovirus and was cloned to single cells by terminal dilution. A clone was chosen that showed consistent expression of the ␤ 6 subunit by immunohistochemistry as described below.
Plaque assays. Cells were seeded 72 h before infection in 6-well cell culture plates unless otherwise noted. Ten-fold virus dilutions were made using phosphate-buffered saline containing calcium and magnesium supplemented with 1% bovine serum. The inoculum volume was 200 l per well. One hour postadsorption, the inoculum was removed and the cells were overlaid with 50/50 1.2% gum tragacanth-2ϫ MEM supplemented with antibiotic-antimycotic. Plates were incubated for 24 h unless otherwise indicated and simultaneously fixed and stained with HistoChoice tissue fixative (AMRESCO) containing crystal violet, and plaques were counted. Where indicated, statistical analysis was performed on log-transformed titer values using one-way analysis of variance (ANOVA) in Prism (GraphPad Software, Inc.).
Multistep growth curve. LFBK-␣ V ␤ 6 or LFBK cells were seeded in 24-well plates 72 h before infection with either FMDV A24-BHK (a cell culture-passaged virus containing the wild-type RGD motif in VP1) or FMDV A24-SGD (vesicular fluid from the second bovine passage of the SGD-containing A24-B9 virus described in reference 17) at a multiplicity of 0.01 PFU/cell. Virus stocks were diluted in maintenance medium (DMEM supplemented with 1% fetal bovine serum and antibiotics) and absorbed for 1 h with rocking at 37°C. The cells were then acid washed (25 mM 2-(N-morpholino)ethanesulfonic acid [MES] [pH 5.5] in 145 mM NaCl), washed once with DMEM, and incubated at 37°C in 0.5 ml maintenance medium per well. At the indicated time, cells were frozen at Ϫ70°C and thawed, and the virus titer was determined by plaque assay on LFBK-␣ V ␤ 6 cells.
Immunohistochemistry. The Vectastain ABC kit (PK-6102; Vector Laboratories) and Vector VIP peroxidase substrate kit (SK-4600; Vector Laboratories) were used according to the manufacturer's protocols. Mouse anti-human ␤ 6 (MAB2076Z; Chemicon) was used to detect the bovine integrin subunit ␤ 6 at a 1:300 dilution. The mouse monoclonal antibody F19-51 (20) was used to detect the FMDV 3D protein at a 1:200 dilution.
Detection of FMDV in diagnostic tissue samples. LK, BHK-21, IB-RS-2, and LFBK-␣ V ␤ 6 cells were seeded onto 48-well cell culture plates 48 h prior to infection. LK cells were seeded directly from storage cryovials. LFBK-␣ V ␤ 6 cells were seeded at passage 32, IB-RS-2 at passage 136, and BHK-21 at passage 66. Diagnostic lesion tissues were disrupted, and the virus was isolated after centrifugation through a Spin-X purification column (Costar) as described in reference 21. These tissue macerates were diluted 10-fold in DMEM supplemented with 25 mM HEPES and 0.5% fetal calf serum, and 100 l was then used to infect each cell type for 1 h at 37°C. After adsorption, 200 l of maintenance medium was added to each well and the plates were incubated at 37°C. Starting at 4 h postinfection (hpi), visual evidence of cytopathic effects was recorded every 2 h until 20 hpi and then at 24, 28, and 48 hpi. At 48 hpi, all wells were fixed with 50% acetone to 50% methanol and wells that were negative for cytopathic effects were immunostained with a monoclonal antibody to FMDV 3D protein to confirm the negative results.
RESULTS

Characterization of LFBK cells expressing bovine
The integrin ␣ V ␤ 6 is an important receptor for FMDV in relevant tissues in vivo. LFBK cells are a transformed cell line that has high sensitivity to most FMDV serotypes but does not express high levels of ␤ 6 integrin protein. In order to merge the enhanced susceptibility of ␣ V ␤ 6 expression with the transformed phenotype of LFBK cells, the bovine ␣ V and ␤ 6 integrin subunits were transduced into LFBK cells as described in Materials and Methods. Immunohistochemical staining demonstrated long-term maintenance of enhanced ␤ 6 expression in the LFBK-␣ V ␤ 6 cells for Ն102 cell passages compared to the nontransduced LFBK cells (Fig. 1A  to C) . FMDV A24-SGD, an FMDV A24 Cruzeiro strain serially passed in cattle, has an SGD motif in the G-H loop of VP1 and an enhanced infectivity in cells expressing the ␣ V ␤ 6 integrin (17). LFBK-␣ V ␤ 6 cells at various subculture passages and nontransduced LFBK cells were infected with A24-SGD or a cell culturegrown control virus (A24-BHK) to confirm the long-term functional maintenance of the ␣ V ␤ 6 integrin. These experiments demonstrate that the LFBK-␣ V ␤ 6 cells have a 2.5-log-increased susceptibility to A24-SGD compared to LFBK cells and that this increased susceptibility is maintained for Ͼ100 passages (Fig. 1D) . The expression of surface proteins can be delayed due to trypsin treatment during cell subculture. To determine if increasing the time between seeding and infecting the cells had an effect on susceptibility, LFBK and LFBK-␣ V ␤ 6 cells were seeded on plates at 24, 48, or 72 h prior to infection with the A24-SGD or A24-BHK virus. It was found that seeding the LFBK-␣ V ␤ 6 cells 72 h prior to infection provided only slightly better sensitivity than seeding 24 h prior to infection (Fig. 1E ). This result indicates that the LFBK-␣ V ␤ 6 cells can be infected early after trypsin treatment with only a minimal loss in susceptibility. In order to show that the LFBK-␣ V ␤ 6 cells support the normal growth progression of FMDV, a multistep growth curve analysis was performed (Fig. 1F) . In this experiment, the replication of A24-BHK was similar in both LFBK and LFBK-␣ V ␤ 6 cells. While A24-SGD replicated slowly in the nontransduced LFBK cells, this virus grew normally in LFBK-␣ V ␤ 6 cells, demonstrating that the expression of ␣ V ␤ 6 in LFBK cells complements the defect of nontransduced LFBK cells to support efficient A24-SGD virus replication.
Susceptibility of LFBK-␣V␤6 cells to animal-derived FMDV of all serotypes. In order to determine the susceptibility of LFBK-␣ V ␤ 6 cells to animal-derived FMDV strains and compare it with those of LFBK, primary lamb kidney, BHK-21, and two swine kidney cells lines (IB-RS-2 and MVPK), each cell type was infected with serial dilutions of infected tissue macerates or vesicular fluid obtained from animals that were experimentally infected with each of the FMDV serotypes. The viruses used in this experiment were passaged twice in cattle or swine and are listed in Table 1 . For each strain of virus, the LFBK-␣ V ␤ 6 cells had equal or higher sensitivity to animal-derived FMDV than the other cells that we tested. In some cases, especially with the FMDV serotype O strains, the LFBK-␣ V ␤ 6 cells supported FMDV replication that was Ͼ10-fold higher than most cell types tested ( Fig. 2 ; see also Table S1 in the supplemental material). Overall, these data confirm that LFBK-␣ V ␤ 6 cells can readily detect all FMDV serotypes in tissues from experimentally infected animals.
Detection of FMDV in diagnostic tissue samples using LFBK-␣ V ␤ 6 cells. Samples from experimentally infected animals tend to have a high titer and better integrity than do field samples. To more closely mimic diagnostic conditions, we obtained field diagnostic samples from Afghanistan, Bolivia, and Pakistan (see Table S2 in the supplemental material). These samples were processed from tissues according to standard virus isolation procedures and were used to infect LFBK-␣ V ␤ 6 cells, as well as cells commonly used for FMDV diagnostics, including LK, IB-RS-2, and BHK-21 cells. Figure 3A shows the time point at which each diagnostic isolate first showed visible cytopathic effects (CPE) in each cell line. We observed that LFBK-␣ V ␤ 6 was the only cell type in which all clinical samples were positive based on the presence of CPE by 24 h postinfection. A few of the samples yielded virus in all 4 cell lines, 12 samples were able to show CPE in only LFBK-␣ V ␤ 6 or LK cells, and 3 of the 38 isolates tested grew only in LFBK-␣ V ␤ 6 cells. These data show that LFBK-␣ V ␤ 6 is the most permissive to these FMDV field isolates among all the cells tested. In order to rule out the presence of FMDV in noncytopathic infection, all CPE-negative wells were stained for FMDV 3D antigen after 48 hpi; none of the CPE-negative LK and IB-RS-2 wells reacted with the antibody. Five CPE-negative BHK-21 wells had individual nonrounded cells that stained positive for antigen (data not shown), indicating that these particular FMDV isolates were able to enter BHK-21 cells but were not spread efficiently in the culture by 48 h. Figure 3B shows the overall CPE progression over time in all 38 virus isolates by plotting the mean CPE score of each isolate at each time point per cell type. On average, the LK and LFBK-␣ V ␤ 6 cells performed very similarly, both being much more permissive to the diagnostic isolates than the IB-RS-2 and BHK-21 cells. While the LFBK-␣ V ␤ 6 cells had slightly faster overall early detection of the isolates than the LK cells, the higher mean CPE score at later times indicates a faster progression of virus replication in the LFBK-␣ V ␤ 6 cells. Taken together, the enhanced susceptibility, rapid initial detection of CPE, and faster progression of CPE strongly suggest that LFBK-␣ V ␤ 6 cells are superior to many cells that are currently used for FMDV diagnostics from tissue specimens. 
Susceptibility of LFBK-␣V␤6 cells to other vesicular disease-
DISCUSSION
Here, we report the characterization of a bovine kidney cell line that is stably transduced with the bovine ␣ V and ␤ 6 integrin subunits. The expression of the ␤ 6 integrin subunit and the enhanced susceptibility to FMDV containing an SGD domain in VP1 were (Table 1) , and virus titers were determined on each cell type by plaque assay. Each solid line is the axis for titers generated from the indicated virus strain. Colored points on the solid lines indicate the mean titer of that virus strain in a single cell type (see Table S1 in the supplemental material for sample range). Dashed lines specify the log 10 scale of the virus titer in PFU/ml; points located outside the plot correspond to higher virus titers (10 8 ) than those located toward the center (10 2 ). Each point corresponds to the mean of Ն3 replicates.
both maintained for Ն100 cell passages. We found that the LFBK-␣ V ␤ 6 cells were more susceptible to all FMDV serotypes derived from experimentally infected animals than were other commonly used cells for FMDV isolation. In a diagnostic sensitivity assay, LFBK-␣ V ␤ 6 cells were more sensitive than primary lamb kidney, IBRS-2, and BHK-21 cells. LFBK-␣ V ␤ 6 cells were also able to detect other vesicular disease viruses. Our results support the use of LFBK-␣ V ␤ 6 cells for FMDV diagnostic purposes.
Our data also indicate that the LFBK-␣ V ␤ 6 cells are highly effective for the detection of FMDV serotype O isolates. A previous study (21) showed that LFBK cell sensitivity to FMDV O1 Manisa isolated from cattle was close to that of bovine tongue inoculation, and in our hands, the LFBK-␣ V ␤ 6 cells detected O1 Manisa Ͼ1-log 10 -more efficiently than LFBK cells. Further, Burman and coworkers (26) showed that the integrin-binding domain on the VP1 capsid protein from O1 FMDV binds ␣ V ␤ 6 with the highest affinity among the ␣ V ␤ 3 , ␣ V ␤ 6 , and ␣ V ␤ 8 integrins. In our experiments (Fig. 2) , O1 Manisa viruses were detected at titers nearly 2 logs better in LFBK-␣ V ␤ 6 than in IB-RS-2 cells that do not express high levels of ␣ V ␤ 6 (15) .
BHK-21 cells are widely used for FMDV propagation in research laboratory settings due to their rapid growth properties and sufficient susceptibility to most serotypes of FMDV. BHK-21 cells generally performed well in our sensitivity experiments (Fig. 2) , detecting cattle-derived A24, as well as primary LK cells; O1 Manisa (from both swine and cattle) was the only serotype where BHK-21 had the least efficient FMDV detection of the cell lines tested. In contrast, low-passage-number BHK cells were able to detect FMDV from only 18 out of 40 diagnostic tissue samples, and in five of those cases, the detection of a few single infected BHK-21 cells (most with no obvious cytopathic morphology) was done by immunohistochemistry. Taken together, our results clearly indicate that BHK-21 cells are not as susceptible to animalderived FMDV isolates as LFBK-␣ V ␤ 6 cells.
FMDV strain O/TAW/97 does not grow well in primary bovine thyroid cells (BTY) or in cattle, and historically, its detection requires the use of swine cells, such as IB-RS-2 (27) . As such, O/TAW/97 has been referred to as a porcinophilic virus (27) (28) (29) . In our experiments, this virus grew poorly in primary LK cells, forming extremely small plaques. Interestingly, in our hands, O/TAW/97 grew better in the bovine-derived LFBK cells than in the swine-derived MVPK and IB-RS-2 cell lines. This suggests that the growth defect of O/TAW/97 in BTY (and possibly LK) cells is a postattachment step, since BTY cells express the ␣ V ␤ 6 integrin, indicating that other cell-specific factors are involved. Indeed, alterations in the 3A protein of O/TAW/97 have been identified (28) , and while the function of 3A is not clear (30) (31) (32) , it seems to be involved in host range specificity (33, 34) . The reason that LFBK and LFBK-␣ V ␤ 6 support the replication of this virus is unknown, but we can speculate that these cells have lost a factor that is present in bovine cells that restricts O/TAW/97 growth. Although we have not made a direct comparison, the results presented here suggest that LFBK-␣ V ␤ 6 cells can support the replication of O/TAW/97 more efficiently than BTY cells.
IB-RS-2 cells have been shown to be less sensitive to some serotypes of FMDV than primary bovine thyroid cells (7), possibly due to low levels of ␣ V ␤ 6 integrin on the surface of the cells (15) . In our experiments, the IB-RS-2 and MVPK cells had poor sensitivities to certain serotypes from bovine tissues, especially A24 Cruzeiro, O1 Manisa, and C3 Resende, whereas the A24 and C3 viruses from porcine tissues were efficiently detected by both swine origin cell lines. Interestingly, IB-RS-2, but not MVPK, cells were specifically less sensitive to SAT2 virus isolated from cattle; unfortunately, a comparison to swine-derived SAT2 was not available. While many laboratories include IB-RS-2 cells for the detection of swine vesicular diseases and swine-adapted FMDV strains, one concern with the diagnostic use of these cells is that they can test positive for classical swine fever (35) , potentially confounding the results in array-based diagnostic assays.
Recently, Brehm and coworkers demonstrated the sensitivity of a fetal goat tongue cell line (36) that supports the replication of all FMDV strains tested, with the exception of the porcinophilic O/TAW/97 strain. According to the authors, this cell line expresses the ␣ V ␤ 6 integrin and is equal to primary BTY cells in its sensitivity to FMDV. Although these cells were reported to grow slowly in culture, the monolayers of these goat tongue cells take days to become confluent but then are stable for a period of weeks once established. In contrast, the LFBK-␣ V ␤ 6 cells grow very quickly in culture and are readily susceptible to infection within 24 h after seeding. LFBK-␣ V ␤ 6 cells have been used for FMDV research for several years at PIADC. They support the replication of animal-derived virus strains that do not grow well in other cell types (e.g., O1 Manisa and O/TAW/97) and maintain a high sensitivity to FMDV for Ͼ100 subculture passages. They do not require the extraction of animal organs to make primary cells, they grow as efficiently as standard LFBK cells, and they have no special medium requirements. Based on the data presented here, LFBK-␣ V ␤ 6 is an excellent cell line for FMDV diagnostic-and research-based cell applications. LFBK-␣ V ␤ 6 cells have been deposited in the American Type Culture Collection (PTA-13047).
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The LFBK-␣ V ␤ 6 cell line is the subject of a U.S. patent application. Volume 51, no. 12, p. 1714 -1720, 2012. After the initial distribution of the LFBK-␣ V ␤ 6 cell line, studies were conducted to further characterize the cell line. These studies revealed that the LFBK parental cell line and the transduced LFBK-␣ V ␤ 6 cell line are of porcine genotype and not of bovine origin as stated in the published article. This was confirmed by isoenzyme and real-time reverse transcription-PCR studies. The results presented in the published article describing the cell line remain unchanged except for the statements indicating that the cells are of bovine origin.
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